Abstract Neurocognitive impairments are prevalent in persons seeking treatment for alcohol use disorders (AUDs). These impairments and their physical, social, psychological and occupational consequences vary in severity across persons, much like those resulting from traumatic brain injury; however, due to their slower course of onset, alcohol-related cognitive impairments are often overlooked both within and outside of the treatment setting. Evidence suggests that cognitive impairments can impede treatment goals through their effects on treatment processes. Although some recovery of alcohol-related cognitive impairments often occurs after cessation of drinking (time-dependent recovery), the rate and extent of recovery is variable across cognitive domains and individuals. Following a long hiatus in scientific interest, a new generation of research aims to facilitate treatment process and improve AUD treatment outcomes by directly promoting cognitive recovery (experience-dependent recovery). This review updates knowledge about the nature and course of cognitive and brain impairments associated with AUD, including cognitive effects of adolescent AUD. We summarize current evidence for indirect and moderating relationships of cognitive impairment to treatment outcome, and discuss how advances in conceptual frameworks of brain-behavior relationships are fueling the development of novel AUD interventions that include techniques for cognitive remediation. Emerging evidence suggests that such interventions can be effective in promoting cognitive recovery in persons with AUD and other substance use disorders, and potentially increasing the efficacy of AUD treatments. Finally, translational approaches based on cognitive science, neurophysiology, and neuroscience research are considered as promising future directions for effective treatment development that includes cognitive rehabilitation.
Introduction
In 1987, a prescient overview of research on alcoholassociated impairment of the central nervous system and its potential significance to the efficacy of treatment for alcoholism appeared in Parsons, Butters and Nathan's edited volume, Neuropsychology of Alcoholism: Implications for diagnosis and treatment (Parsons et al. 1987) . Studies using computed tomography scans and electroencephalography had documented altered brain structure and function in chronic, heavy drinkers. In parallel, neuropsychological testing approaches documented that many persons with alcohol use disorders (AUD) experienced mild to severe impairment of abstract reasoning, visual-spatial skills, memory, and other information processes. There was evidence that cognitive deficits recovered over time following cessation, or substantially reduced, alcohol drinking, and that recovery of function could be facilitated if relevant tasks were practiced early in the recovery process. International experts in the field raised provocative research questions about the relation of cognitive impairment and recovery to the process and outcome of addiction treatment. Yet, enthusiasm was tempered by the modest and inconsistent relations between cognitive impairment and treatment efficacy that had been documented at that time.
Fifteen years later, the literature on neurocognitive impairment associated with AUD and implications for treatment was revisited (Bates et al. 2002a ). Development of new brain imaging technologies and behavioral testing approaches had led to substantial progress in understanding the nature and course of alcohol-related neurocognitive impairments. Applications of this new knowledge to develop more effective treatments, however, had lagged behind. There were likely several reasons for the lack of progress in this area. One was the lack of conceptual models of indirect and moderating roles of neurocognitive impairment to represent the interrelated operation of cognitive factors with multiple other person and environmental factors that in concert contribute to treatment outcomes. In addition, few researchers had applied treatment innovations derived from basic cognitive science, and from other brain injury literatures, to the question of cognitive rehabilitation in AUD.
Fortunately, over the past 10 years, this trend has reversed. There has been a surge of clinical and research interest in the relation of cognitive impairment to addiction treatment outcome, and in developing new ways to intervene in non-adaptive neurocognitive processes that may interfere with recovery. Training of working memory and other executive functions shows potential promise to generalize to additional neurocognitive dispositions (e.g., Bickel et al. 2011) and potentially enhance positive substance use outcomes (e.g., Rupp et al. 2012) . Both relatively brief and very time intensive cognitive remediation approaches are being explored in persons with a range of alcohol use behaviors spanning hazardous drinking to alcohol dependence, and a range of cognitive problems from cognitive bias to serious brain damage (e.g., Alfonso et al. 2011; Houben et al. 2011; Wilson et al. 2012) . Finally, new conceptual models for intervention strategies that build on the bidirectional feedback streams between the brain and body are starting to emerge (Wiers et al. 2011b; Bates and Buckman 2013) . These novel interventions, described at the article's end, use relatively simple muscle movements, rhythmical breathing exercises, aerobic exercise, meditation, or combined mental and physical interventions to train (or retrain) neurophysiological systems that support cognition, affect regulation, motivation, and resilience to stress, all of which are compromised by chronic heavy alcohol use.
Cognitive Impairment in AUD
A sizeable proportion of persons (estimated to be~50 % -70 %) diagnosed with AUD display some degree of neurocognitive deficit relative to healthy controls (Fein et al. 1990; Martin et al. 1986 ). Although many alcohol dependent adults fortunately demonstrate only subtle or transient cognitive disruptions (Bates and Convit 1999; Rourke and Loberg 1996) , a sizable minority of these individuals display impairments as clinically severe as those seen in persons with traumatic brain injury (Bates 1997; Donovan et al. 2001) . Chronic, heavy alcohol use appears to selectively affect cognitive abilities associated with controlled and effortful processing of novel information, and selective and divided attention, while sparing general intelligence, over-learned knowledge, and automatic information processes (summarized in Table 1 , see Bates et al. 2008; Oscar-Berman and Marinkovic 2007; Lyu and Lee 2012; Le Berre et al. 2010) . Executive functions such as working memory and response inhibition, and the frontal lobe structures typically thought to subserve them, appear to be particularly vulnerable to alcohol-related impairment (Ratti et al. 2002; Oscar-Berman et al. 2004; Zinn et al. 2004; Noel et al. 2007; Lawrence et al. 2009; Loeber et al. 2009; Kopera et al. 2012; Ambrose et al. 2001; Pitel et al. 2007b ). Fluid cognitive abilities, such as concept formation, abstraction, problem solving, and visual-spatial abilities are also often affected (Nixon 1995; Parsons 1998; Parsons and Farr 1981; Rourke and Loberg 1996; Weinstein and Shaffer 1993; Rupp et al. 2006) .
Episodic and autobiographical memory are often disrupted by chronic heavy alcohol use (Beatty et al. 1995; Le Berre et al. 2010; Weingardt et al. 1996; D'Argembeau et al. 2006) . Occasionally, memory impairment may be severe, particularly in the context of thiamine deficiency as seen in those with Korsakoff's syndrome, and has been compared to that observed in dementia (Mukamal et al. 2003; Xu et al. 2009 ; reviewed in Bates et al. 2008) . Much of the existing literature on alcohol-related memory deficits utilizes tests of semantic and visual processing that assess retrospective memory at the level of encoding, storage, and retrieval of novel information. Recently, interest in prospective memory, or the memory needed to plan and carry out future actions (Ellis 1996) , such as remembering to do the laundry or keep an appointment, has emerged in the addictions area. Prospective memory involves memory formation and retrieval as well as executive functions, planning and decision-making (Fish et al. 2010) . Prospective memory functioning appears to be impaired by both chronic and acute alcohol use (Heffernan et al. 2002; Leitz et al. 2009; Montgomery et al. 2011; Griffiths et al. 2012) and may contribute to the memory problems encountered in everyday living both during and outside of addiction treatment.
Executive functioning and memory impairments have garnered particular attention as these domains of cognition are so conceptually tied to treatment outcome and maintenance of abstinence. Nonetheless, there is considerable heterogeneity in the likelihood of specific impairment and its severity in the AUD population, and individual studies do not consistently find the pattern of deficits noted above. Most information about impairment is from treatment samples and deficits may be less frequent or less severe in non treatment seeking populations (Fein and Greenstein 2012) .
In addition to methodological factors such as sample size, sample selection criteria, and time lapsed since last drink, alcohol-related cognitive deficits (and their recovery) are affected by psychological, social, and biological factors, and perhaps the interaction between these factors. Age, education, gender, other drug use, co-occurring mental disorders, childhood behavior disorders, and family history of alcoholism, for example, have all been implicated as risk factors for alcoholinduced cognitive impairments (Bates et al. 2002a; OscarBerman et al. 1997 ). This heterogeneity is consistent with evidence that cognitive ability levels in general are shaped by biological and genetic factors as well as by social and cultural influences (Finkel et al. 1995; Hedden et al. 2002) . Further, some individuals with AUD will have cognitive impairments that pre-date their unhealthy alcohol use behaviors.
Strong support for neurostructural and neurofunctional changes associated with chronic heavy alcohol consumption parallels these observations (for full review, see Oscar-Berman and Marinkovic 2007) . In addition to global atrophy in the brains of chronic heavy alcohol users (Oscar-Berman and Marinkovic 2007) , there is compelling evidence that the frontal lobes (Pfefferbaum et al. 2009; Pfefferbaum et al. 1997; Fortier et al. 2011; Harris et al. 2008; Sorg et al. 2012; Cardenas et al. 2007) , limbic system (Wrase et al. 2008; Makris et al. 2008; Anderson et al. 2012 ) and cerebellum (Fitzpatrick et al. 2012; Baker et al. 1999; Sullivan et al. 2000b) , as well as the connections between them (Sullivan 2003; Rogers et al. 2012; Desmond et al. 2003) , are particularly vulnerable (Fig. 1) . Structurally, this vulnerability is observed as region-specific volume reductions (e.g., Pfefferbaum et al. 1997; Fortier et al. 2011; Wrase et al. 2008; Makris et al. 2008; Sullivan et al. 2000a) . Level of alcohol consumption (Cardenas et al. 2005; Pfefferbaum et al. 1998 ) and years of heavy drinking (Bjork et al. 2003) appear to importantly contribute to the severity of these neurostructural changes.
Functionally, alcohol-related vulnerability is apparent as white matter abnormalities and changes in BOLD signal that vary by brain structure. For example, fractional anisotropy diffusion tensor magnetic resonance imaging shows compromised frontal lobe white matter integrity in persons with AUD in comparison to normal controls (Harris et al. 2008) . Cardenas et al. (2007) further showed that chronic heavy alcohol users display a significantly greater loss of tissue in the frontal foci compared to light drinkers using deformation tensor morphometry imaging. Sullivan (2003) postulated that disruptions in the frontocerebellar circuitry underlie some of the commonly reported alcohol-related neuropsychological deficits in problem solving, visuospatial reasoning, and proprioception. Recent functional MRI studies report reduced frontocerebellar connectivity during a simple finger-tapping task (Rogers et al. 2012) and increased frontocerebellar activity during a working memory task (Desmond et al. 2003) in abstinent alcoholics compared to controls. Interestingly, Herting et al. (2011) found that alcohol-naive adolescents with a family history of alcoholism showed reduced frontocerebellar connectivity in comparison to negative family history controls.
The link between cognitive and neurobiological deficits in relation to alcohol use behaviors is well illustrated in a growing body of literature examining adolescents who drink heavily. Alcohol consumption increases sharply throughout adolescence, with upwards of 40 % of 12th graders reporting drinking in the past 30 days (Johnston et al. 2012) . Alcohol use disorders in adulthood often initiate in adolescence, with peak use at 17-18 years of age (Wagner and Anthony 2002) . Planning, problem-solving, working memory, and inhibitory control develop considerably both at the behavioral and neurobiological level during adolescence (Conklin et al. 2007; Luna et al. 2010) . Processes like cortical thinning and neural pruning contribute to the natural brain maturation process during this crucial growth period (Clark and Tapert 2008; Durston et al. 2001) . Initial studies found that adolescents with AUD showed subtle alcohol-related cognitive deficits (Brown et al. 2000; Tapert and Brown 1999) . These deficits extend to verbal memory, self-monitoring, psychomotor skills, sustained attention (Ferrett et al. 2010; Squeglia et al. 2009 ), and selfreported prospective memory (Heffernan and Bartholomew 2006; Heffernan et al. 2010) . A longitudinal study over 8 years showed that the use of substances, including alcohol, in adolescents predicts poor performance on visuospatial functioning, attention, memory, and learning abilities later in life (Tapert et al. 2002) . Using latent class growth analysis, Anderson et al.(2010) identified six different alcohol use trajectories among adolescents undergoing treatment; continued and resurged chronic heavy alcohol use was associated with poorer occupational and family functioning over the next 10 years. These maladaptive trajectories were also linked to poorer visuospatial processing, verbal and working memory, and attention (Hanson et al. 2011) .
Heavy alcohol use in adolescents also affects various brain areas, including the prefrontal, frontal, and parietal cortices, hippocampus, thalamus, and the cerebellum (De Bellis et al. 2005; Nagel et al. 2005; Medina et al. 2008; Squeglia et al. 2012) . Furthermore, gender differences in cognitive functioning have been detected in adolescents with AUD. In a spatial working memory task, girls with AUD showed greater overall brain activation patterns than their male counterparts, possibly to compensate for reduced functioning in the frontal and cingulate regions (Caldwell et al. 2005) . Medina et al. (2008) found that prefrontal cortex volume differed between boys and girls with AUD. Overall, prefrontal cortex and white matter volumes were increased in boys and decreased in girls in comparison to their samegender, non-AUD controls. A similar study found that adolescent alcohol and marijuana users showed deficits in white matter integrity in various cortical and subcortical tracts over an 18-month period. In particular, adolescents with increased alcohol use from baseline to follow-up had worse white matter integrity (Bava et al. 2012 ) and degradation positively correlated with increased quantity of alcohol consumption. Adolescent substance users have been found to exhibit not only white matter disorganization, but a corresponding increase in executive function difficulties (Clark et al. 2012) .
Cognitive Recovery in AUD
Many studies, old and new, provide cross-sectional snapshots of potential cognitive recovery that unfolds after cessation of Fig. 1 Brain structure changes associated with chronic heavy alcohol use. Early studies on the brain of alcohol dependent individuals consistently demonstrated decreased brain volume and ventricular and sulcal enlargement, although changes did not appear uniform across all brain structures. Current knowledge based on a variety of neuroimaging techniques suggests that limbic structures (amygdala, hippocampus, temporal lobe gyri, cingulate cortex), frontal cortical structures (prefrontal cortex and frontal cortex), and the cerebellum are especially vulnerable to chronic use. The extensive bidirectional connectivity between these structures also appears prone to disruption. Brain abnormalities may be fully or partially stabilized or reversed with extended abstinence. Current research is specifying region-specific recovery trajectories and risk for persistent versus reversible abnormalities drinking in the absence of targeted cognitive remediation. This type of recovery, what Goldman (1990) termed timedependent recovery, has been most commonly examined using between-group comparisons of an alcohol dependent sample to a control sample. Limited longitudinal designs have also compared the same alcohol dependent sample tested twice: at some point very early in treatment after detoxification, and again later in treatment or soon after the end of treatment. These studies have suggested that whereas some cognitive recovery, such as verbal learning, is observable early after detoxification, recovery in executive and memory domains is slower, occurring over 1 year and longer (Sullivan et al. 2000b; Goldman 1990; Parsons 1998; Bates et al. 2002a; Bates et al. 2005; Manning et al. 2008; Bates et al. 2004; Dingwall et al. 2011; Rosenbloom et al. 2004; Rosenbloom et al. 2007) . When considered collectively, as in a recent metaanalysis (Stavro et al. 2012 ) and review (Fernandez-Serrano et al. 2011) , these studies paint a picture of substantial cognitive recovery in the short term (1 month), with more modest increases across mid-term (up to 1 year) and long-term in multiple cognitive domains.
A few studies have used a longitudinal design with multiple assessment time points to directly track within-person changes in cognition over time. For example, Bartels et al. (2007) found considerable recovery of learning and memory performance in AUD patients with severe memory impairments who were assessed five times during 24 months of verified abstinence. In Fig. 2 we present recovery data from a study that administered 15 neuropsychological tests to 196 men and women in treatment for AUD and other drug use disorders at four points in time across the first year of recovery (entry, 6 week, 6 mon, and 12 mon). Results from the third and fourth assessments add to previously published data (Bates et al. 2004; . We used a latent variable approach to parse the contribution of practice effects and measurement error from cognitive recovery (e.g., Bollen 1989; Friedman et al. 2008) . Four latent ability constructs were replicated across time: executive functioning, memory, verbal ability, and complex information processing speed. Practice effects were identified as changes in the intercepts of individual test scores whereas recovery of function was identified as a significant change in the mean of the latent construct. Significant improvement in all four latent cognitive domains was observed, and each domain demonstrated a somewhat unique trajectory and extent of recovery.
Overall, these studies provide a starting point for understanding "natural" recovery processes following cessation of drinking. Yet, their ability to address the dynamics of the recovery process is limited because of differing sample characteristics, inconsistencies in temporal assessment time points in longitudinal designs, lack of knowledge about the cognitive deficits that predate alcohol use, and other considerations which hamper clinical application. Moreover, these studies and meta-studies capture recovery at the level of the group average rather than the individual. Note for example, that while recovery is observable at the level of the mean (Fig. 2a) , large individual differences in abilities exist ( Fig. 2b and 2c) and not all participants demonstrate the same trajectory of recovery.
Although the AUD literature has been challenged by the same assessment and design issues that apply to the study of cognitive change over time in other clinical populations (Keith et al. 2002) , the consistent observation that alcohol-related cognitive decline can resolve with time and abstinence suggests that, even after long-term heavy alcohol use, the brain is capable of recovery. Early neuroimaging studies suggested that structural brain abnormalities associated with chronic alcohol use can be, to some extent, stabilized or reversed with extended abstinence (for review see, Buhler and Mann 2011) . The recovery of white matter, in particular, as length of abstinence increased, was recently supported in a meta-analysis (Monnig et al. 2012) . Recent literature continues to extend these findings to better understand the spatial and temporal aspects of structural and functional recovery (Schulte et al. 2012; Buhler and Mann 2011) . For example, recovery of some brain tissue and function is observed during the first few weeks of abstinence (Gazdzinski et al. 2005; Gazdzinski et al. 2010; Agartz et al. 2003; Durazzo et al. 2006; Bendszus et al. 2001; Parks et al. 2002; Bartsch et al. 2007 ) and other recovery becomes more evident over the subsequent months (Gazdzinski et al. 2005; Wobrock et al. 2009; Agartz et al. 2003; Colrain et al. 2012; Parks et al. 2002) . Neural recovery also varies across brain structure (Cardenas et al. 2007; Parks et al. 2002; Gazdzinski et al. 2008 ). This body of research continues to grow and, in parallel with advances in neuroimaging and other strategies for gauging neural health, will likely address many currently unanswered questions about the reversible versus persistent neural effects of chronic heavy alcohol use.
A key focus of much current neuropsychological research is the loss of cognitive and behavioral flexibility that is observed in relation to chronic alcohol drinking and how the loss of this flexibility mirrors the loss of neural plasticity. Integrating current knowledge of time-dependent recovery on the cognitive and neural levels is no small task. Temporal inconsistencies in how chronic, heavy alcohol use affects neuropsychological functioning and neurological impairments have been suggested (Dao-Castellana et al. 1998 ). Significant neurological alterations may occur well before detectable clinically impaired neuropsychological functioning. Patients with AUD sometimes display comparable levels of neuropsychological, functioning in the laboratory, but have differential neural activation patterns compared to controls (Pfefferbaum et al. 2001) . Untangling how neurological changes participate in behavioral dysfunction is complicated by the possibility that new brain areas may be recruited or differential cognitive strategies may be employed during task performance to compensate for neural damage elsewhere (Dao-Castellana et al. 1998; Fama et al. 2004; Chanraud et al. 2013) . Compensatory neural processing is a strong current direction in the AUD field. A compensatory pattern of resting state connectivity in long-term abstinent alcoholics compared to controls was observed in Camchong et al. (2012) . In addition, Chanraud et al. observed recruitment of alternative fronto-cerebellar functional pathways in recovering alcoholics who performed a working memory task at the level of controls (Chanraud et al. 2011 ) and demonstrated that this activational pattern fulfilled operational criteria for functional compensation (Chanraud et al. 2013 ). This suggests a role for neuroadaptive processes in the maintenance of normal cognitive performance.
The Relationship of Cognitive Impairment to AUD Treatment Outcome
That cognitive impairment should interfere with successful AUD treatment outcome appears to be self-evident. It is easy to see how memory problems, limited ability to communicate and understand ideas, difficulty in efficiently weighing competing information, and other cognitive problems would be serious challenges to persons of all ages attempting to interrupt well-established drinking patterns, and to accomplish the major life changes that this attempt often involves. Yet, the results of decades of research continue to suggest that the ways in which cognitive problems interfere with addiction treatment outcome, and behavioral flexibility more generally, are not simple or direct. Rather, their obtuse influence appears to be pervasive, potentially casting a wide net over phenomena as diverse as the relative valuation of present and future events (Amlung et al. 2012) , the ascendance of automatic regulatory mechanisms (Houben et al. 2011) , and the pursuit of unconscious goals (Levine et al. 2011) .
It is likely that many of our previous research questions were phrased too simply and our methods took too little account of neurocognitive and behavioral adaptation processes. For example, neurocognitive deficits in persons with shows that the steepest increments in recovery in all domains occurred between treatment entry and the 6-week follow-up. Mean performance in the memory domain continued to significantly improve between the 6-and 26-week follow-ups. These improvements occurred after acute withdrawal and in the absence of intervention aimed at cognitive remediation. They did not reflect practice effects due to repeated exposure to the test materials (data not shown). Panels (b) and (c) show standard deviation error bars for executive and memory latent means. Note the considerable variability in latent ability across individuals at each follow up: individuals variously exhibited low or high stable levels of functioning across time, showed small, moderate or large increases in abilities, and even in some cases showed decreases in ability over time. Within-person improvement across 1 year following treatment may parallel improvements noted in cross-sectional studies of groups studied at different time points following cessation of drinking, or vary dramatically from this pattern AUD are sometimes not evident at the behavioral level (Fein et al. 2009 ). As noted earlier, neuroimaging studies suggest that persons with an AUD may rely on different brain regions and circuits than healthy controls to maintain behavioral performance in neuropsychological and cognitive tasks (e.g., Chanraud et al. 2013) . Similarly, the effects of cognitive deficit on treatment outcome may be masked by impaired and unimpaired persons relying more heavily on different therapeutic change processes (e.g., Bates et al. 2006) . As elaborated in the following sections, new research suggests that cognition may be most relevant to behavior change within a cognitive-emotional scaffold of affect, intention, physiology, and the social environment.
Much previous research on cognitive impairments in individuals with AUD examined the direct effect of impairment on drinking outcomes without considering other pathways of influence. Literatures regarding the psychosocial impact of brain injury of other etiologies suggest that the effects of cognitive impairment are often indirect (mediated by other factors) and/or may moderate the influence of other intrapersonal or contextual factors. For example, impairment may affect psychosocial outcomes through its ability to change the salience of environmental features as well as the person's emotional and motivational responses (e.g., Prigatano 1987; Prigatano et al. 1996; Ylvisaker and Feeney 1998) . These concomitants of brain damage and cognitive impairment are relevant to AUD treatment strategies in view of the fact that motivation to change behavior, perceptions of self efficacy, the ability to form therapeutic alliance, and the use of social support to reinforce treatment goals are believed to be key therapeutic processes in many AUD treatments (Buckman et al. 2007; DiClemente 2007; Hartzler et al. 2011) . Therefore, the use of a mediatormoderator variable distinction (Baron and Kenny 1986; MacKinnon et al. 2002) within the context of alternative conceptual models of brain-behavior relations may be useful for understanding how cognitive impairments disrupt positive outcomes in individuals with AUD (reviewed in Bates et al. 2002a ).
Mediation Models
One way in which cognitive impairment may impede positive addiction treatment outcome is by interrupting treatment processes which in turn mediate the influence of impairment on treatment outcomes. Support for the notion that the influence of cognitive impairments on treatment outcome is indirect through treatment processes comes from multiple lines of research. First, early studies showed patients who were cognitively impaired remembered less treatment relevant information (Becker and Jaffe 1984; Sanchez-Craig and Walker 1982; Teichner et al. 2002; Godding et al. 1992 ) and learned fewer drink refusal skills (Smith and McCrady 1991) than unimpaired clients. In addition, some evidence suggested that cognitively-impaired individuals entering treatment for AUD may be viewed by treatment providers as being more inattentive and having lower motivation and greater denial compared to unimpaired clients (Goldman 1995) , potentially compromising the treatment process itself. Impairment of executive functions, verbal memory, and mental speed were associated with "denial-related" treatment goals that were not achieved by alcohol dependent men and women who received inpatient treatment (Rinn et al. 2002) . Moreover, poorer executive function and memory were associated with lower readiness to change drinking behavior in a treatment sample (Le Berre et al. 2012) , although there were also null findings (e.g., . Even outside of treatment, cognitive dysfunction may impact motivation to change drinking behavior, although the relation of different cognitive functions to readiness to change may vary in treatment samples compared to heavy drinking, non-treatment seeking samples (Blume and Marlatt 2009; Blume et al. 2005) . This further suggests that there may be multiple indirect pathways by which cognitive impairment can affect change processes in and outside of treatment, which in turn can reduce the likelihood of positive longer-term drinking outcomes.
Interestingly, there are surprisingly few studies that have addressed both aspects of mediation: namely, that cognitive impairment results in reduced learning, skill development, or motivation during treatment, and that this alteration in the treatment process results in poorer drinking outcomes. A recent study did provide support that cognitive impairment indirectly influences substance use outcomes by reducing the quality of coping skills acquired in CBT . Mediated relations also have been demonstrated, wherein impairment led to less treatment compliance and lower selfefficacy, but greater Alcoholics Anonymous Involvement (AAI), all of which, in turn, more proximally predicted drinking . Given that heightened treatment compliance, self-efficacy, and AAI are all consistent, positive predictors of AUD treatment outcome, it becomes clear that cognitive impairment can have countervailing effects on treatment processes that may cancel out in analyzing a direct effect of impairment on outcome. Thus while impairment appears to disrupt treatment processes such as compliance, coping skill training, and self efficacy, it may also increase behaviors, such as seeking social support for abstinence, that might be used to bolster treatment efficacy in impaired clients Donovan et al. 2001 ).
Moderation Models
In addition to indirect or mediation models, cognitive deficits may serve to moderate the influence of treatment processes by interrupting or enhancing their influence on treatment outcomes. An example that has been replicated in multiple treatment samples is that cognitive impairment interacts with self-efficacy to resist drinking urges in affecting drinking behavior following treatment (Morgenstern and Bates 1999; Bates et al. 2006) . The nature of the interaction was that impairment dissociated the positive relationship between self-efficacy and drinking outcomes that is typically found in unimpaired clients, such that increased selfefficacy was not as strong a prognostic indicator of positive outcomes in patients with clinically significant cognitive impairment. Cognitive impairment was also found to increase the influence of the social network on the drinking outcomes of persons receiving AUD treatment (Buckman et al. 2007; Buckman et al. 2008) , although the nature of influence varied across samples. In the outpatient sample of Project MATCH, which presented with relatively less alcohol problem severity, a social network that supported sobriety was more predictive of positive drinking outcomes in cognitively impaired patients relative to unimpaired patients; conversely, in the relatively higher alcohol problem severity aftercare sample, a network that supported drinking was associated with more negative drinking outcomes in cognitively impaired versus unimpaired patients (Buckman et al. 2007 ). Moderation studies thus support the idea that the most salient mechanisms of behavior change may be different in persons with and without cognitive impairment. These results point to the substantial adaptability of humans, wherein different processes may be used to compensate for disruption caused by cognitive insult. It also appears likely that the nature of the disruption caused by cognitive impairment may be different depending on sample characteristics and the specific process factor examined.
A New Look at Direct Effects
Finally, as the field moves beyond classic neuropsychological assessments of impairment, newer cognitive behavioral tasks may uncover domains of deficits that are more directly related to behavioral treatment outcomes. For example, Carroll et al. (2011) recently found that performance on tests of IQ, motor speed, and attention did not directly affect outcome in a computer-assisted cognitive behavioral therapy (CBT), yet higher levels of risk taking on the Balloon Analogue Risk Task predicted lower treatment attendance and homework completion and poorer substance use outcomes. The predictive utility of performance on the risk taking task may suggest that certain inhibitory deficits, such as those also found in detoxified persons with AUD using the Hayling task (Noel et al. 2001) , may be more directly associated with relapse, whereas other aspects of executive function are more likely to indirectly influence drinking outcomes through disruption of treatment processes. In the other drug literature, impaired affective decision making assessed using gambling tasks varied between opiatedependent patients who maintained short term abstinence compared to those who relapsed (Passetti et al. 2008) , pointing to the potential need to further examine the intersection of affect regulation and cognition in AUD. Additional support for the this link comes from neuroimaging data that shows that abstinent long-term alcoholics exhibit significantly less activation in the amygdala to emotionallyvalenced facial expression stimuli compared to normal controls and impaired differentiation between negative and positive cues, at least under some conditions (Marinkovic et al. 2009; Gilman and Hommer 2008) .
In summary, although there is a rudimentary understanding of several ways in which cognitive impairment can alter treatment engagement and process, this question is complicated by the range of sample characteristics, treatment modalities, and conceptual frameworks of treatment processes that have been studied. Perhaps more importantly, brain and cognitive status is not static following reduced alcohol use. Thus, the timing of treatment process assessments and cognitive recovery rates are conflated in longitudinal studies. Ultimately, there are unavoidable limitations in trying to link cognitive impairment and recovery to treatment process and outcome within treatments and research approaches that were not designed to directly affect those cognitive functions. A new generation of research aimed at therapeutically intervening to facilitate cognitive recovery, build cognitive strengths, or compensate for cognitive deficits may be more telling.
Facilitating Recovery and Relations to Treatment Outcomes
Evidence for improvements in cognitive functioning in many, but not all, individuals with alcohol-associated neurocognitive impairment suggests alternative trajectories of recovery as well as the well known individual differences in severity of impairment. We previously distinguished between time-limited impairment or deficits that appear to be direct or indirect consequences of heavy chronic alcohol use, which resolve with abstinence and improved health, versus persistent impairment that fails to resolve and, in fact, may predate alcohol consumption (Bates et al. 2002a) . Treatment providers seldom have information regarding premorbid cognitive status to predict whether cognitive impairment is likely to be time-limited or persistent. Further, it is unknown in this population whether rehabilitation approaches designed to restore cognitive functioning or approaches that aim instead to facilitate compensatory strategies would be more effective in the face of impairments that may be mild or severe, time-limited or persistent. Most of the AUD studies discussed below have focused on restorative rehabilitation. Compensatory training and aids also have been shown to improve cognition and memory in other populations with mild cognitive impairment (Fish et al. 2010 ) and thus merits further study in the AUD population.
Over 20 years ago, Goldman and colleagues published a series of studies suggesting that the practice of cognitive tasks enhances basic cognitive skills and facilitates performance on different cognitive measures among individuals recovering from AUD (e.g., Forsberg and Goldman 1987; Goldman and Goldman 1988; Roehrich and Goldman 1993; Stringer and Goldman 1988) . Although their findings suggested that cognitive remediation (i.e., experience dependent recovery, Goldman 1990) could be a valuable component of treatment for AUD by helping patients to grasp treatment concepts more readily while simultaneously improving cognitive functioning in other areas, it was not until recently that empirical investigations began to follow up on these pioneering studies.
Several current approaches to cognitive rehabilitation in the addictions field have been framed within a number of dual process conceptual models of information processing that vary in respect to conceptual underpinnings, yet consistently distinguish between effortful executive control and automatic processing operations. This distinction is usually described as a conflict between processes that support conscious goals and intentions (that has variably been termed "reflective", "executive", "cool", "frontal", or "cortical") and those processes that derive from attention capture by salient cues in the environment and impulsive or habitual modes of affective regulation (referred to as "impulsive", "automatic", "hot", or "limbic"). With respect to control of alcohol use behaviors, the premise is that strengthening executive functions will increase an individual's ability to override the impulsive use of alcohol. It is believed that alcohol use among dependent individuals is often completed automatically in response to environmental cues and affective states that are bound to drinking through associative learning processes, and thus the individual often is unaware of the internal and environmental triggers that instigate relapse and motivational failures.
The importance of executive functions, and especially working memory, for maintaining and manipulating conscious, goal-relevant information (Houben et al. 2011 ) has inspired the application of several rehabilitation and training approaches to improve these functions. For example, 7 weeks of Goal Management Training (GMT), a validated intervention for executive function impairment (Levine et al. 2011) , combined with mindfulness-based mediation, which also has been associated with cognitive enhancement (Chiesa et al. 2011) , produced improved working memory, response inhibition and decision making of outpatients with alcohol and drug problems compared to psychotherapy treatment as usual (Alfonso et al. 2011 
) (N=34). Bickel et al. (2011) (N=27) explored the functional relations between
working memory and delay discounting in patients receiving treatment for stimulant use using a four-module computerized memory training program that was completed over a variable number of sessions (4 to 15) depending upon when patients' performance reached an asymptote. Although an independent test of working memory did not improve significantly pre-to post-memory training, patients who received memory training with performance-contingent monetary rewards showed improved delay discounting performance compared to yoked controls. Control patients had completed a training condition wherein correct answers were cued and monetary reinforcement was not contingent on performance. Persons with alcohol and drug use disorders often have high levels of delay discounting reflecting their relatively greater devaluation of rewards as a function of length of time or delay until its receipt, compared to persons without disorders (Lejuez et al. 2010) . Thus, this preliminary finding highlights the potential link between working memory capacity and improved future orientation and suggests one means by which behavioral flexibility to resist present-oriented urges to use alcohol and drugs for emotional modulation may be augmented. Additional research is needed, however, to determine if positive changes in delay discounting persist over time, and whether reductions in delay discounting translate into improved treatment outcomes.
A recent randomized controlled trial (N=41) compared intensive outpatient CBT focused treatment alone versus CBT supplemented with cognitive rehabilitation using a computer-assisted training program that comprised 62 exercises with alternate versions (Rupp et al. 2012) . Training modules were selected to minimize overlap with cognitive outcome measures and included attention, executive function, and memory. Cognitive rehabilitation consisted of 12 individual sessions completed at the rate of 3 per week for 4 weeks. Some sessions focused on the individual's impaired areas of functioning and some could be selected by the individual to enhance motivation. This intervention resulted in a significant, medium effect size increment in alertness, divided attention and working memory, delayed recall, visual-spatial construction, and a global measure of cognitive functioning, compared to the treatment-as-usual control. The cognitive rehabilitation group also showed greater, medium effect size decreases in psychological distress, psychological symptoms and craving from beginning to end of treatment compared to the control. Note that patients in this study were selected to have at least mild cognitive impairment and to be relatively free from cooccurring conditions. For patients with serious cooccurring psychiatric disorders, preliminary evidence suggests that five sessions of cognitive training over 3 weeks may also be effective in enhancing attention and cognitive flexibility compared to an attention placebo control during the sub-acute phase of detoxification (Goldstein et al. 2005) . Not all cognitive enhancement approaches have been successful with AUD populations. Griffiths et al. (2012) evaluated an imagery intervention to improve encoding in prospective memory, that is, the memory processes needed to carry out intended actions at an appropriate time in the future (Ellis 1996) . The significance of prospective memory in brain injury, geriatrics, and poly-substance use is gaining prominence (Groot et al. 2002; Zoellig et al. 2007; Rendell et al. 2007; Cuttler et al. 2012) , and initial research suggests it is also impaired by both acute and chronic alcohol use (Heffernan et al. 2002; Leitz et al. 2009; Montgomery et al. 2011; Griffiths et al. 2012 ). In Griffiths et al. (2012) the alcohol dependent group, recruited from a residential service 7-10 days following medically assisted withdrawal, had prospective memory deficits compared to controls. The extent of deficit varied with disorder severity and weekly quantity of alcohol previously consumed. The imagery intervention improved prospective memory in the control group, but not the AUD group. The authors attributed the lack of benefit in the alcohol group to difficulties in forming or applying effective strategies. It also may be useful to examine rehabilitation of executive aspects of prospective memory such as cue monitoring (Fish et al. 2010) , which are often impaired in AUD populations.
Only a few studies in recent years have evaluated whether interventions that improve neurocognitive functioning also improve alcohol outcomes in non-treatment seeking and treatment seeking populations. In one study, harmful problem drinkers, as defined by a standardized screening measure, were recruited via the internet to complete either 25 weekly sessions of three working memory training tasks or control tasks (Houben et al. 2011 ) (N=48). The difficulty level of the training tasks was adaptively adjusted to increase over time dependent on performance, whereas the control tasks remained at an easy level throughout the study. Working memory training significantly improved working memory and this improvement persisted at a 1-month follow-up. The active training group also showed an approximate 10 drink per week reduction in alcohol consumption by the end of training, with a trend for reduced drinking at follow-up. Mediation analyses suggested that there was an indirect effect of memory training through working memory capacity on drinking behavior, and the strength of this relationship depended on the strength of participants' automatic impulses to consume alcohol. Working memory training affected greater reductions in alcohol drinking among those with strong automatic impulses to consume alcohol. If these results generalize to AUD treatment samples, it may be possible to develop a treatment component that builds resistance to urges to use alcohol by improving working memory.
At the opposite end of the severity continuum, preliminary results from an intensive psychosocial approach designed to accommodate severe levels of alcohol-related brain damage was reported from the UK (Wilson et al. 2012) . Forty-one patients were referred from an acute general hospital inpatient setting to a five-phase community rehabilitation program: stabilization, assessment, therapeutic rehabilitation, adaptive rehabilitation, and social integration/relapse prevention. This is an intensive program, with the therapeutic rehabilitation phase based on the milieubased approach summarized in Bates et al. (2002a) and augmented with cognitive enhancement training lasting up to 2 or more years. The final two phases focus on compensatory strategies for cognitive impairment, psychological and social support, and relapse prevention. The authors' preliminary report showed an 85 % reduction in the use of acute medical/surgical inpatient bed days per patient per year compared to the 5 years prior to referral. This approach to rehabilitation is suitable for individuals with severe alcohol-related brain damage including Korsakoff Syndrome, with the aim of rehabilitation and increasing independence of the individual to avoid costly and longterm institutionalizations. This inclusive program for severely impaired patients is clearly time and cost intensive, and would need substantial community or institutional support to operate. Nonetheless, it speaks to the possibility of augmenting cognitive and behavioral recovery among even the most severely impaired alcohol dependent persons through cognitively-mediated treatment strategies.
In summary, cognitive rehabilitation approaches seek to improve executive functions, memory and other cognitive abilities, and thereby enhance positive behavioral outcomes such as abstinence, reduced drinking, improved interpersonal relations, employment options and other life skills. Compensatory training has received less attention, except with severely impaired AUD patients (Wilson et al. 2012) . However, given its success in other impaired groups, it requires further study in addiction populations with mild and severe impairments before conclusions can be drawn about its efficacy for time-limited and persistent impairment. While this work is still in its infancy, the preliminary evidence described above supports the ability of cognitive interventions to enhance cognitive abilities, and points to the potential relationships of increased working memory and other cognitive skills to becoming more future oriented, experiencing reduced craving and psychological distress, and reducing alcohol drinking. Although replication of results in larger clinical trials is needed, this emerging literature, as well as advances in the cognitive rehabilitation field outside the area of addictions, support optimism that these and other interventions to enhance cognitive recovery, or to build new cognitive skills for the first time, will prove useful for increasing the efficacy of AUD treatments for persons who experience mild to severe cognitive impairment.
In order for this to best happen, future research needs to carefully consider choices regarding the use of control groups, measurement strategies, and treatment modalities (Kennedy and Turkstra 2006) . In the area of addiction treatment, additional questions include how cognitive rehabilitation, compensation, or retraining approaches are best integrated into current AUD treatments for which there is already empirical support for efficacy, how improvements in specific cognitive domains are conceptualized mechanistically with respect to other hypothesized active elements of treatment, whether cognitive enhancement should be offered universally or only to those with some threshold level of cognitive impairment, and whether benefits of cognitive intervention are magnified in adolescent populations, and moderated by other person and environmental characteristics of the client. It is also of note that studies of cognitive impairment and AUD treatment have defined outcome success primarily in terms of changes in drinking behaviors, consistent with the primary outcome measures in AUD treatment research as a whole (Babor et al. 1994 ). The traumatic brain injury literature suggests that psychosocial functioning, health, and employment outcomes also are important indicators of improved quality of life following cognitive rehabilitation (e.g., Salazar et al. 2000; Sarajuuri et al. 2005) . Early studies found neuropsychological impairment at AUD treatment entry was negatively related to employment status (Donovan et al. 1984; Donovan et al. 1985) . Donovan et al. (2005) further suggests that persons with AUD reported lower levels of quality of life compared to general population and other clinical groups. Thus, future AUD and cognitive rehabilitation research would benefit from expanding AUD treatment outcome definitions to include everyday functions as well as alcohol use outcomes.
Alternative Approaches to Neurocognitive Rehabilitation for AUD
Currently, many empirically-supported AUD treatments (e.g., CBT, motivational enhancement, 12-step facilitation and support groups) rely heavily on executive functions, explicit memory, and other effortful cognitive processes, such as impulse control, that are vulnerable to acute and chronic alcohol intake effects and thus may be most strongly impaired in the early days of abstinence and treatment. On the other hand, procedural and implicit memory systems and automatic information processes are less vulnerable to acute and chronic neurotoxic effects of alcohol (Fillmore et al. 1999; Tracy and Bates 1999; Ray and Bates 2006; Ray et al. 2012; Hayes et al. 2012) . Unfortunately, automatic information processes, such as attention capture and implicit memory associations to alcohol cues, often serve to undermine effortful treatment goals (Robinson and Berridge 1993) .
Thus, interventions for intact automatic processes may be aimed at modifying counterproductive automatic information processing, rather than restoring their function, per se.
Behavioral flexibility requires input and action from both the body and the brain and is accomplished through continual bidirectional communication between them. Most cognitive rehabilitation strategies reviewed in the previous section sought to increase behavioral flexibility by directly building executive cognitive skills at the level of the brain. Several new approaches seek to enhance behavioral flexibility using interventions that focus on changing automatic cognitive processes (e.g., Wiers et al. 2011a ) and indirectly affecting neurocognition via the neurophysiological feedback loops that regulate the flow of communication between the body and brain (Bates and Buckman 2013 ). Here we describe several promising examples of methods for increasing behavioral flexibility and neurocognitive functioning based on manipulating the afferent stream of information from the body to the brain. These include including retraining automatic action tendencies, heart rate variability biofeedback, meditation, aerobic exercise, and combined mental and physical training. These interventions make fewer demands on effortful executive functions to support behavioral flexibility and thus may be particularly useful with AUD populations, even those who demonstrate impairment of effortful cognition.
Retraining Automatic Action Tendencies
Within the conceptual framework of Strack and Deutsch's (2004) dual system model of reflective and impulsive information processing, Wiers et al. (2010) (N=42) applied a method for retraining automatic action tendencies to approach alcohol in hazardous drinkers, and then examined this method in a 4-session (200 trials per 15 min session), randomized controlled trial of 214 alcohol dependent persons prior to their inpatient treatment (Wiers et al. 2011a) . Persons with notable neurocognitive impairment were excluded. A training version of the Approach Avoidance Test (AAT) was used wherein participants either primarily pushed (avoidance) or pulled (approach) a joy stick in response to pictures of alcohol or non-alcohol beverages depending on the picture format. The clinical trial involved additional control and sham training conditions. The pulling and pushing was accompanied by a zooming feature that made the picture increase in size consistent with approach, or decrease in size consistent with avoidance, respectively. In both studies, changes in reaction times indicated that that training was effective in altering automatic action tendencies towards alcohol; those trained to avoid alcohol became faster in pushing alcohol pictures away. This training transferred to untrained pictures and an implicit word task. In the first study, heavy drinkers who were successfully trained in the avoid alcohol condition subsequently drank less in a taste test drinking session than did heavy drinkers in the approach alcohol condition (Wiers et al. 2010 ). In the clinical trial, participants trained to avoid alcohol showed improved drinking outcomes 1 year later compared to those in other conditions, although changes in approach bias reaction times did not statistically mediate clinical outcomes (Wiers et al. 2011a) .
While this method, termed cognitive-bias modification (Wiers et al. 2011a) , appears successful in interrupting automatic approach tendencies toward alcohol stimuli, important questions remain about its mechanism(s) of action. In particular, the role of arm movement and visual feedback (zooming) in affecting alcohol-avoid versus alcohol-approach associations merits further study because it raises intriguing questions about the use of peripheral functions to modify cognitive and affective information processing. For example, substantial psychological literatures support the premise that arm muscle flexion is associated with approach action tendencies that bring positive or desired stimuli closer to the self, whereas muscle extension is associated with avoidance action tendencies which push fearful or undesired stimuli away from the self (Strack and Deutsch 2004) . Thus, the bi-directionality of neuromuscular communication provides a feedback loop wherein repeated pairing of a stimulus with an arm muscle extension may, with practice, interrupt a previously established automatic approach action response to that stimulus. Physiologically, this parallels what is known about musclebrain communication wherein the brain coordinates the activity of all muscle fibers within and across muscle groups via cholinergic neuromuscular junctions (Ruff 2011 ) and muscle spindles relay information about the state of the muscle to the brain (Windhorst 2007) . Further research on the neural circuitry and processes that integrate neuromuscular communication with cognition and affect may provide additional avenues for treatment development to increase behavioral flexibility by uncoupling established automatic cognitive and behavioral processes that support unhealthy alcohol use despite conscious intentions to change drinking behavior.
Heart Rate Variability (HRV) Biofeedback
Another approach to influencing the brain via a peripheral feedback system is to intervene using a non-invasive biofeedback approach referred to as HRV biofeedback. This technique enhances neurocardiac signaling, improving communication between cardiovascular and neural control systems. Ineffective neurocardiac signaling increases stress reactivity as well as enhances attention capture by appetitive cues and may increase their salience by prolonging visceral reactivity (Bates and Buckman 2013) . HRV biofeedback involves learning to breath at a rate that synchronizes cardiac oscillations being driven by respiratory sinus arrhythmia (i.e., the phenomenon of heart acceleration with inhalation and deceleration with exhalation) with cardiac oscillations driven by the baroreflex (i.e., the mechanism that links heart acceleration/deceleration to corresponding decreases/increases in blood pressure). When breathing rate is slowed to approximately 6 times per minute (compared to the natural breathing rate in the range of 12-20 breaths per minute), a dramatic increase in cardiac oscillations at 0.1 Hz occurs. This resonance response is thought to be therapeutic because it trains the feedback loop between the heart and brain, increasing baroreflex sensitivity and vagal modulation of neurocardiac response (Lehrer et al. 2003) . That is, it activates afferent paths to the brain that set into motion a cascade of neural events that feedback information about bodily state to the central autonomic network (Benarroch 1997) , a brain network that relays information between the frontal lobes, amygdala, and brainstem, as well as other structures. As such, it provides a means for changing the bidirectional information streams between the body and the brain to promote adaptive responding and better integrate mind-body responses to daily, as well as extreme, cognitive and emotional challenges.
HRV biofeedback improves symptoms of asthma (Lehrer et al. 2004 ), major depression , fibromyalgia (Hassett et al. 2007 ), neurosis (Chernigovskaia et al. 1990 ), post traumatic stress disorder (Zucker et al. 2009), and hypertension (McCraty et al. 2003) . Individual differences in HRV are related to performance on executive function tasks and to brain activity in the prefrontal cortex (Thayer et al. 2009 ). Acute improvement in reaction time and consistency in cognitive performance (Prinsloo et al. 2011 ) and reductions in performance anxiety (Wells et al. 2012 ) have been reported even after a brief session of HRV biofeedback. It is now being explored as an intervention to prevent relapse in emerging adults who are in recovery from alcohol and drug use disorders.
Mental and Physical (MAP) Training
In addition to the use of mental, neuromuscular, and neurocardiac training to affect cognitive change, it is now well established from the animal and human literatures that aerobic physical training also can improve cognitive functioning. One particularly intriguing application to cognitive remediation in AUD is what has been termed mental and physical (MAP) training that is thought to enhance cognition by directly supporting neurogenesis in the hippocampus (Curlik and Shors 2013) . Data from animal studies indicate that physical (aerobic) exercise increased the production of new neurons in the brain (van Praag et al. 1999) . However, most of these cells die unless the animal engages in some type of effortful learning, or mental training (Curlik and Shors 2013) . The learning process itself must be achievable and the task should be challenging and new. Some of the important characteristics of the mental training are the need for sustained effort or concentration, many trials of practice, and difficulty in obtaining mastery. A key strength of this intervention strategy is that it provides a strong neuroscientific basis for one mechanistic route through which combined physical and mental training may enhance cognitive functioning in humans.
To model these training procedures in humans, Shors and colleagues are currently conducting a pilot study that combines aerobic exercise (physical training) with breathing meditation (mental training) two times per week for 8 weeks in emerging adults who are depressed and/or engage in hazardous drinking. This approach has the advantage of employing two intervention strategies that have individually received support for both cognitive enhancement and substance use treatment outcomes and are thus of unique interest to cognitive remediation in persons with AUD. More specifically, physical exercise enhances executive functions and effortful information processes in unimpaired children and adults as well as elderly persons with cognitive impairments ranging from mild to severe (see meta-analyses by Colcombe and Kramer 2003; Heyn et al. 2004; Sibley and Etnier 2003) . The animal literature shows that exercise increases neurogenesis, which can facilitate cognitive flexibility (Burghardt et al. 2012; Shors et al. 2012) . Exercise programs show promise for facilitating recovery in AUD populations (Brown et al. 2009 ). Similarly, several existing treatments for alcohol and other drug use disorders include meditative practices, and a recent review (Chiesa and Serretti 2010) suggested that mindfulness meditation is associated with activation of the prefrontal and anterior cingulate cortices and, over time, may enhance activity in brain areas that support attention. Their review of the effects of mindfulness meditation on cognition concluded that existing evidence supports the likelihood that this intervention is associated with improvements in selective and sustained attention, working memory and other executive functions (Chiesa et al. 2011) , although more well-designed research with standardized meditation programs is needed to fully understand meditation effects on cognitive enhancement. Preliminary studies of mindfulness meditation as an intervention for substance use disorder suggest efficacy, but more research is needed in this area also to standardize administration and identify active elements of this intervention (Zgierska et al. 2009 ). Beyond the potential for cognitive enhancement, these interventions may promote stress resilience and increased emotional modulation, important relapse triggers in AUD.
In addition to neurogenesis and rescue of new neurons as one active element of MAP training, it is generally established that aerobic exercise increases baroreflex sensitivity and vagal modulation of neurocardiac response (Sandercock et al. 2005) . In addition, slow breathing frequencies used in various types of meditation are at approximately 0.1 Hz (6 respiratory cycles/min) (Cysarz and Bussing 2005; Peng et al. 1999 ), a rate that causes the greatest modulation of heart rate by respiration (Keyl et al. 2000) as achieved in HRV biofeedback. Thus, improved neurocardiac signaling may be another mechanism of action in the positive cognitive effects of aerobic exercise and meditation as well.
Conclusions
The majority of persons entering AUD treatment suffer from mild to severe cognitive impairments. Findings from a large number of studies have been sufficiently consistent across different neurocognitive assessment approaches, methods to control practice effects, and sample characteristics to conclude that many of them will show at least partial recovery from alcohol-related cognitive impairment over time when they stop or greatly reduce drinking alcohol. There may be untapped clinical value in treatment providers being able to give patients information about areas of cognitive impairment, the kind of life difficulties it is contributing to, the odds of meaningful gains in cognitive ability if they stop drinking, and how improved cognition would have downstream effects on improved emotional regulation and interpersonal relations. For example, questions concerning longterm employment options could be more adequately addressed. Nonetheless, precise knowledge about the threshold of neurocognitive impairments needed before complex behavioral patterns and outcomes are substantively affected remains limited, and understanding the role of cognitive recovery in AUD treatment process and drinking outcome has not proved straightforward.
The addiction recovery literature is limited by the same considerations that apply more broadly to the questions of quantifying neuropsychological deficits and recovery across a broad range of disorders and environmental perturbations ranging from neurotoxic insult and traumatic brain injury to cardiopulmonary bypass surgery (Keith et al. 2002) . More studies employing multiple time point assessments are needed to accurately capture the length of abstinence necessary to initiate recovery and tease apart the many influential malleable and static factors that impact recovery trajectories, which thus far appear to include age, education, gender, childhood behavior disorders, family history of alcoholism, duration of use and abstinence, medical complications from drinking, prior medically-supervised detoxifications, depression, social support, polydrug use, smoking and genotype (Moriyama et al. 2006; Bates et al. 2004; Kalman et al. 2010; Bates et al. 2005; Levy et al. 2012; Rosenbloom et al. 2004; Loeber et al. 2010; Gazdzinski et al. 2008; Mon et al. 2009; Mon et al. 2012) . Studies that characterize trajectories of intra-individual changes in cognitive impairment over time are needed to move the field beyond understanding recovery at the level of the group, and instead capture change at the level of the individual. In doing so, cognitive impairment at treatment entry and prospects for recovery can be more directly used for clinical decision making (Chelune 2002) .
Research conducted within treatments not designed to affect cognitive improvements suggests that cognitive impairment is importantly involved in mediated and moderated relations with treatment processes and other personal and environmental factors that affect outcomes. Yet, few studies over the past 30 years have addressed the question of whether methods to enhance the rate or nature of cognitive recovery also improve AUD treatment efficacy. In addition to the "naturally occurring" improvements in cognition that occur with abstinence, findings from recent studies suggest that cognitive rehabilitation and enhancement methods are promising strategies for facilitating neurocognitive recovery (or perhaps building new cognitive skills for the first time) and, in some cases, enhancing positive drinking outcomes. Studies designed to actively intervene in neurocognitive problems are better positioned to answer questions about how neurocognitive difficulties and improvement affect treatment process and outcome due to direct experimental manipulation of the construct of interest. While encouraging, findings in this area are preliminary and require replication. Progress will be hampered if expense and logistic difficulties involved in studying within-person changes in neurocognition prevent larger clinical trials, in adequately powered samples over sufficient periods of time. Timeextended trials are needed to answer questions such as whether cognitive enhancement or rehabilitation interventions should be offered unilaterally, or only to those with a certain level of cognitive impairment; how long positive neurocognitive changes last, and what type of booster sessions might be needed to sustain or build on gains; and whether there are interactions with the primary treatment modality. Questions of the ecological validity of cognitive rehabilitation and enhancement techniques also need to be answered.
Current neuroscience, neurophysiology, and behavioral research suggests there may be value to AUD treatment development in exploring a broad range of approaches to neurocognitive rehabilitation that includes, for example, training in working memory and other executive and memory functions that are often impaired in AUD populations, as well as approaches that seek to alter cognitive biases that drive unconsciously-mediated behaviors that are believed to increase the likelihood of relapse. Further, as mechanisms of mind-body integration and afferent streams of influence on the brain become better understood, there is the potential for new, non-pharmacological behavioral interventions that affect neurocognition by manipulating peripheral systems. If such interventions are effective, web and smart phone applications could make these interventions available to large numbers of persons. Finally, continuing progress in understanding the neuroscientific underpinnings of broad health promoting interventions such as exercise and meditation may lead to novel combinations of mental and physical training that support brain health, improved cognition and affective regulation in persons with AUD as well as those with co-occurring affective disorders.
